Using the effective mass approximation and the transfer matrix formalism, we have calculated the ground state energy of electron in 0.7 0.3
INTRODUCTION
Low dimensional semiconductor heterostructures with high crystal and structural quality (among them isolated and coupled quantum rings (QRs)) have become possible due to the rapid progress of fabrication procedures, such as the selfassembly technique 1, 2 . QRs have attracted intensive interest during the past few years due to their unique topological geometry and energy spectrum. Mano et al. 3, 4 have reported microluminescence measurements in concentric GaAs/GaAlAs double QRs grown by means of the droplet epitaxy methods. In these experiments they have observed electron-hole optical transitions in the absence of magnetic fields. To describe the experimental findings under magnetic field, parabolic confinement potentials and exact diagonalization techniques have been adopted 5 . There it was shown that the magnetic field suppresses the tunnel coupling between the rings, localizing the single-electron states in the inner ring and the few-electron states in the outer ring. Motivated by the experimental data 3 , Culchac et al. 6, 7 reported a calculation on the electron-heavy and light hole transition energies in concentric GaAs/GaAlAs double QRs. Li 8 investigated the magnetoexciton states in double QRs using the multi-band effective mass theory. Furthermore, Escatrín et al. 9 investigated electron localization in fully spin-polarized few-electron concentric double QRs under the effects of perpendicular magnetic field with the use of the density functional theory and exact diagonalization calculations.
Hydrostatic pressure is a thermodynamic variable for the solid state. It provides a powerful tool to control and investigate the electronic states and optical properties of semiconductor materials. Many works related to the influences of external electric field and hydrostatic pressure on electronic and impurity states in semiconductor nanostructures have been reported recently. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] The effects of hydrostatic pressure and magnetic field on the electronic states and electron-hole transition energies in GaAs/GaAlAs double QRs have been investigated in Ref. 22 . The authors have found that: 1) the energy of the ground and excited electronic states decreases with the applied hydrostatic pressure and 2) while under the influence of magnetic field the electron states with different angular momentum are no longer degenerate, the applied hydrostatic pressure does not alter significantly the energy of these states.
In this work the effects of growth-direction applied electric field, hydrostatic pressure, and geometrical dimensions on GaAs/Ga Al As concentric double QRs are studied. The paper is organized as follows: in Section 2 we describe the theoretical framework, Section 3 is dedicated to the results and discussion, and finally, our conclusions are given in Section 4.
THEORETICAL FRAMEWORK
In Fig.1 it is presented the schematic view of concentric double QRs. Also, the dimensions of heterostructure (radii, widths and the thickness of rings) and the direction of the applied electric field are depicted. The vertical and radial sizes of the structure depend on the hydrostatic pressure according to the following expressions 23, 24 ( ) ( ) 
where 11 S and 12 S are the components of the compliance tensor.
In the effective mass approximation the Hamiltonian of the electron in a 1 x x GaAs/Ga Al As − concentric double QRs, under the combined effects of hydrostatic pressure ( ) P and growth direction applied electric field is written as 
In the last equations ( , ) m x P is the electron effective mass as a function of the aluminum concentration ( ) x and the hydrostatic pressure. It is given by
Here 0 m is the free electron mass, 2 ( ) x Π is the square of the interband matrix element
is the fundamental energy gap at the Γ point of the conduction band
and 0 ( ) x Δ is the valence-band spin-orbit splitting
The remote-band effects are taken into account via the ( )
We define the confining potentials taking into account the crossover between the Γ and Χ minima of the conduction band. 25, 26 There are two critical values of pressure: 1) at 1 P the crossover takes place between the Γ and Χ points at the
is obtained from Eq. (7) but with the corresponding coefficients)) and 2) at 2 P the crossover takes place between the Γ point at the GaAs well (with energy
) and the Χ point at the 
,
is the -Γ Χ mixing strength coefficient and 0 S is the adjustable parameter which fits the experimental measurements 26 . 
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and in the z direction we take infinite confining potential 
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Here T is the transfer matrix
where
By imposing the boundary conditions 1 5 0, A B = = we obtain the condition 11 0 T = from which we find the allowed energies for the radial direction. 
Finally, the ground state energy of the confined electron in the double QRs is obtained from the sum . It can be observed that the energy is a decreasing function of the applied electric field, due to the downward energy displacement of the quantum well. This is shifted from being at 0 E = to lie at / 2 E eFH = − . Two things are implied from the fact of having narrow potential wells: 1) the shift towards lower energies is very slight, 2) the electron wave function is very strongly confined and, for that reason, it has practically no answer to the electric field effects, which can be considered then as a weak perturbation. This is verified by observing the quasi-constant behavior of the energy as a function of the electric field for 4nm H = . As long as the ring's thickness becomes noticeably larger, it is observed that there appears an electric-field-induced linear dependence of the energy as a function of the field strength. This is explained by the potential well bottom displacement to lower values of the energy. This should clearly be observed in the form of a redshift in the absorption and photoluminescence spectra. Additionally, it is noticed a competition between the electric-field-induced confinement effect, which pushes the electron towards the infinite potential barrier located at / 2, z H = and the confinement effect due to the infinite potential barrier at / 2. z H = − In Fig. 3 the ground state energy of a confined electron in 0.7 0.3
GaAs/Ga Al As concentric double QRs as a function of the hydrostatic pressure is shown for several values of the applied electric field strength. As it shown, the energy is the decreasing function of pressure. In the regime of 1 8.37kbar P P ≤ = the radial-confining potential height is constant and the energy decrease is due only to the increasing of the electron effective mass. For 1 P P ≥ the decrease in the electron energy with the hydrostatic pressure is faster because, additionally to the decrease associated with the augment of the electron effective mass, now there is a reduction in the confinement associated with the fall in the radial-potential barrier height. For electric field strength of 200 kV/cm it is also shown the energy dependence without taking into account the Γ − Χ crossover. Besides that, it can be seen that distance between lines increases with the field strength, which is a consequence of the non-linear behavior of the energy as a function of the applied electric field (see Fig. 2 ). Also, it should be noticed that energy variations due to the changes of the structure sizes with pressure (see Eq. (1)) are very small compared with variations induced by changes with pressure in the effective mass and the height of the confining potential.
In Fig. 4 is presented the ground state energy of a confined electron in It is seen again (as it was in Fig. 3 ) that: 1) the energy is a decreasing function of the hydrostatic pressure, 2) the crossover effect takes place, 3) the energy is larger in strong size quantization regimes, as it can be detected in Fig. 2 , and 4) that the influence of hydrostatic pressure is larger for smaller values of ring thickness. The presence of this last effect is due to the fact that in longitudinal z direction the electron energy changes with pressure occur only because of variation of effective mass with pressure and the effect of effective mass is stronger for smaller values of ring thickness. In such a figure we have the dependences of the energy on the outer ring width for different values of hydrostatic pressure and ring thickness. In all figures it is seen that the energy is nearly constant as long as the outer ring width is not approximately equal to the width of inner ring. If the width of the outer ring is less than the inner one, the electron is mainly localized within the inner ring. If that width is greater than 10 nm , the electron is strictly localized in the outer ring, and its energy decreases because the growth in the dimensions of this external region. If 1
3
L L = the amplitude of probability is almost the same in the two ring regions. It can be observed also that the weaker the size quantization the smaller will be the energy variations because of pressure (see how the energies evolve going from Fig. 5a to Fig. 5e ).
CONCLUSIONS
In this work the electronic states in 0.7 0.3
GaAs/Ga Al As concentric double QRs are investigated in the presence of hydrostatic pressure and electric field by using the effective mass approximation and transfer matrix formalism. It is shown that the ground state energy is a decreasing function of the electric field strength, and that the effect of the electric field is larger for bigger values of QRs sizes. Besides it has been shown that the electron ground state energy is a decreasing function of the hydrostatic pressure and that effect of the hydrostatic pressure is greater for smaller values of QRs sizes and bigger values of electric field strength. As a final conclusion we can mention that our findings confirm that both hydrostatic pressure and in-growth electric field could be suitable tools for tuning the electronic and optical properties of QRs, which is interesting not only from fundamental physics point of view but can be used to control the properties of optoelectronic devices which can be based on QRs.
